Vibrational energy transfer from the first excited state ͑2635 cm −1 ͒ of the O-D stretch of deuterated water ͑D 2 O͒ to the 0-1 transition ͑2075 cm −1 ͒ of the CN stretch of potassium selenocyanate ͑KSeCN͒ in their 2.5:1 liquid mixture was observed with a multiple-mode two dimensional infrared spectroscopic technique. Despite the big energy mismatch ͑560 cm −1 ͒ between the two modes, the transfer is still very efficient with a time constant of 20 ps. The efficient energy transfer is probably because of the large excitation coupling between the two modes. The coupling is experimentally determined to be 176 cm −1 . An approximate analytical equation derived from the Landau-Teller formula is applied to calculate the energy transfer rate with all parameters experimentally determined. The calculation results are qualitatively consistent with the experimental data.
I. INTRODUCTION
Vibrational energy transfer is a critical step of molecular reaction dynamics. [1] [2] [3] [4] [5] In condensed phases, whenever a molecular bond is broken, formed, or changed into other conformations, a large part of the energy involved in the processes inevitably comes from or converts into vibrational energy. The vibrational energy flows from one mode to another inside a molecule, and from one molecule to another. Finally it dissipates away as heat. Vibrational dynamics in condensed phases have been extensively studied in both theory and experiments for decades. With advances of techniques, it is now possible that the time evolution of vibrational populations for almost every experimentally detectable vibration in a polyatomic solute can be monitored. [6] [7] [8] Most previous experiments were mainly focused on intramolecular relaxations. In intramolecular relaxations, the energy donors and acceptors ͑bright modes-experimentally detectable modes͒ inevitably overlap in frequency with many dark modes, e.g., combination bands with very low transition dipole moments. These dark modes can also serve as energy donors and acceptors, competing with the bright modes. The number of the dark modes is typically huge for a polyatomic molecule. 25, [30] [31] [32] [33] Therefore, a seemingly intramolecular mode specific energy transfer from one mode to another is actually the sum from two bright modes and numerous dark modes. The experimentally determined energy transfer rate is the overall results of transfers among all the bright and dark modes, while the experimentally determined coupling constant is mainly between the bright modes. Such a situation makes it very difficult to properly experimentally investigate mode specific energy transfer processes. In addition, intramolecular relaxation induced combination bleaching and adsorption 19, 29, 34, 35 can make the analysis of intramolecular mode specific transfers even more complicated. Because of the difficulties, how the governing factors, e.g., coupling strength and energy mismatch, affect vibrational energy transfer kinetics, e.g., why a mode is a good energy acceptor and how fast it can accept energy directly from the donor mode, is relatively experimentally unexplored.
Well designed intermolecular mode specific vibrational energy transfers can in principle significantly relieve the competitions among the dark and bright energy donor/ acceptor pairs. A strategy is to use the donor and acceptor of a H-bond as the energy donor and acceptor, e.g., the stretch mode of OD as the energy donor and the stretch mode of CN as the acceptor for a OD¯NC H-bond. Under this situation, it is still true that either OD or CN overlaps with many dark modes. However, the probability for the dark modes to efficiently compete as additional energy transfer channels from donors to acceptors is much smaller than the intramolecular cases. This is based on the assumption that the couplings between the dark modes overlapping with OD and the dark modes overlapping with CN are much weaker than the coupling between the stretches of OD and CN where the H-bond is. This assumption is reasonable, because the frequencies of the stretches of OD and CN change most among the bright modes when a H-bond forms. In intramolecular cases, there are no special reasons why the coupling between two bright modes must be stronger than the coupling between two dark modes or between one dark and one bright mode. There have been some findings about possible intermolecular modespecific vibrational energy transfers. 19, 35, 36 However, because of possible difficulties in experimental designs or techniques, why these mode-specific energy transfers are effective is largely unknown.
It is our intention to design a series of experiments to address how and why the vibrational energy of one mode on one molecule transfers to another mode on another molecule. The other purpose of our work on this topic is to accumulate knowledge about correlations between molecular structures and vibrational energy transfer kinetics and pathways. The a͒ Author to whom correspondence should be addressed. Electronic mail: junrong@rice.edu. knowledge will be indispensable for nonlinear IR techniques, e.g., two dimensional ͑2D͒ IR, to determine static or transient molecular structures on three dimensions, if one day these techniques are mature enough to do the job. In our previous work, 37 we found that the energy transfer between two modes with an energy mismatch of 97 cm −1 is very slow ͑ϳ330 ps͒ despite the relatively big excitation coupling between the two modes ͑ϳ18 cm −1 ͒. Quasiresonant energy transfers with smaller couplings are ten times faster. 19, 35 The huge rate difference implies the significant effect of energy mismatch on the transfer rate. To further investigate how the coupling strength and energy mismatch interplay, in this work, we designed a system which has one of the strongest intermolecular interactions-ion/water interaction but with a very big energy mismatch ͑560 cm −1 ͒ between the energy donor and acceptor. In the system-a saturated KSeCN D 2 O solution with a molecular ratio D 2 O / KSeCNϳ 2.5/ 1 ͑the CN stretch of KSeCN has a very long vibrational lifetime, which is probably because of the arguable heavy atom effect 31, 37, 38 ͒, the OD stretch 0-1 transition ͑2635 cm −1 ͒ is the energy donor and the CN stretch 0-1 transition ͑2075 cm −1 ͒ of SeCN − is the acceptor. In addition, the system is also a very good example to demonstrate how intermolecular vibrational couplings, energy transfers and relaxations, heat, or photoproducts affect the appearances of pure absorptive 2D IR spectra.
II. EXPERIMENTS
The optical setup is described previously. 37 Briefly, a picosecond amplifier and a femtosecond amplifier are synchronized with the same seed pulse. The synchronization jitter is smaller than 150 fs, as measured from the cross correlation of the two amplifiers' outputs. The picosecond amplifier pumps an optical parametric amplifier ͑OPA͒ to produce ϳ1 ps mid-IR pulses with a bandwidth of ϳ21 cm −1 ͑tun-able͒ in a tunable frequency range from 900 to 4000 cm −1 with energy of 10-40 J / pulse at 1 KHz. The femtosecond amplifier pumps another OPA to produce ϳ140 fs mid-IR pulses with a bandwidth of ϳ200 cm −1 in a tunable frequency range from 900 to 4000 cm −1 with energy of 10-40 J / pulse at 1 KHz. In 2D IR and pump/probe experiments, the picosecond IR pulse is the pump beam ͑pump power is adjusted based on need͒. The femtosecond IR pulse is the probe beam which is frequency resolved by a spectrograph yielding the probe axis of a 2D IR spectrum. Scanning the pump frequency yields the other axis of the spectrum. Two polarizers are added into the probe beam path to selectively measure the parallel or perpendicular polarized signal relative to the pump beam. 39, 40 Vibrational lifetimes are obtained from the rotation-free 1-2 transition signal P life = P ʈ +2ϫ P Ќ , where P ʈ , P Ќ are parallel and perpendicular data, respectively. Rotational relaxation times are acquired from = P ʈ − P Ќ / P ʈ +2ϫ P Ќ . Viscosities were measured with a Cannon-Fenske kinematic viscosity tubes, American Society for Testing and Materials ͑ASTM͒ size 25, at 23°C under which the ultrafast experiments were conducted.
All chemicals were purchased from Aldrich and used as received. Temperature dependent Fourier transform infrared spectroscopy ͑FTIR͒ measurements were performed with a ThermoFisher FTIR spectrometer and a temperature controller from Harrick Scientific. The structures were determined with density functional theory ͑DFT͒ calculations. 41 The DFT calculations were carried out as implemented in the GAUSSIAN 98 program suite. The level and basis set used were Becke's three-parameter hybrid functional combined with the Lee-Yang-Parr correction functional, abbreviated as B3LYP, and 6-31+ G͑d,p͒. All results reported here do not include the surrounding solvent and therefore are for the isolated molecules. The OD stretch is a broad band in pure water. The addition of KSeCN salt blueshifts and narrows the broad band and splits it into two peaks ͓Fig. 1͑a͔͒. From the FTIR spectrum, it is difficult to distinguish which OD peak is associated with the SeCN − ion. 2D IR spectra in Figs. 1͑b͒ and 1͑c͒ clearly show that the OD peak at 2635 cm −1 with a width of ϳ15 cm −1 is strongly associated ͑coupled͒ to the CN stretch of the SeCN − ion. In Fig. 1͑b͒ , the two peaks are purely from the DOD/ SeCN − complex. The x-coordinate ͑2075 cm −1 ͒ of the peaks represents the CN stretch and the y-coordinate ͑2635 cm −1 ͒ of the red peak represents the OD stretch strongly coupled to the SeCN − ion. The origin of the peaks can be qualitatively understood in the following way. When a SeCN − ion is excited to vibrate at its frequency of 2075 cm −1 , the water molecule and produces a new absorption at this new frequency ͑the blue peak͒. At the same time, the water frequency shift leaves a ground state hole which allows more IR radiation at the old frequency of 2635 cm −1 to go through the sample ͑the red peak͒. More rigorously speaking, the red peak comes from the combination band ͑OD+ CN͒ ground state bleaching, and the blue peak is from the combination band absorption. 42, 43 The Feynman diagrams showing the origins of the peaks are in the supporting materials. A similar explanation is applied to Fig. 1͑c͒ . The difference is that in Fig.  1͑c͒ , the excitation ͑pump͒ is OD and the sensor ͑probe͒ of the excitation is CN.
III. RESULTS AND DISCUSSION

Possible structure of D 2 O / SeCN
− complex DFT calculations show that one water molecule can form two possible complexed structures ͓Figs. 2͑a͒ and 2͑b͔͒ with a SeCN − ion in gas phase. The complex in Fig. 2͑a͒ ͑formation energy of Ϫ14.6 kcal/mol͒ is more stable than the one in Fig. 2͑b͒ ͑formation energy of Ϫ12.3 kcal/mol͒. The calculated angle between the OD bond and the CN bond in Fig. 2͑a͒ is 10°. The calculated angles 1 and 2 between the OD bond and the CN bond in Fig. 2͑b͒ are 36°and 42°, respectively. In principle, the angles can be determined by measuring the anisotropies of the peaks in Fig. 1͑b͒ or Fig.  1͑c͒ . 44, 45 However, what is obtained from the anisotropy measurements is the angle between the transition dipole vectors of the two vibrational modes. These vectors may or may not overlap with the bonds' directions. According to DFT calculations, in SeCN − ion, the CN stretch transition dipole vector is almost along with the CN bond direction. At times 0-0.2 ps, R = 0.37Ϯ 0.02 from the measurements in Fig. 3͑c͒ . From Eq. ͑1͒, the angle between the transition dipole moments of OD of HOD and CN of SeCN − of the HOD/ SeCN − complex is determined to be 12°Ϯ 5°. According to DFT calculations, the angle between the OD and CN bonds is almost identical to the angle between their transition dipole moments, which is 10°in the complex shown in Fig. 2͑a͒ . The calculated angles in the complex in Fig. 2͑b͒ are 36°and 42°, respectively. The experimental result favors the more stable complex structure in Fig. 2͑a͒ . However, we believe that the consistency between experimental and calculated data here would be more appropriate to be considered as coincidence, since the calculations were performed for gas phase molecules, while experiments are for liquid molecules. In the liquid, it is probably true that more than one water molecules are bound to the SeCN − ion with different binding strength. What the 2D IR measures is the overall binding result of the water molecules weighing by their coupling strength to the CN stretch, rather than a single water/ion H-bond unless the signal from this bond is dominant. A high level calculation in the liquid phase would be necessary to further explore the water structures on the ion surface. Nonetheless, the comparison between this simple DFT calculation and experimental data provides us a qualitative picture about a possible major H-bond structure of the SeCN − / D 2 O complex.
From Fig. 3͑c͒ , the randomization time constant of the transition dipole cross angle of the HOD/ SeCN − complex is 4.0Ϯ 1 ps. This constant is very close to, but a little faster than, the rotational time constants of the two components of the complex. The rotational time constant of HOD is determined to be 5.8Ϯ 1 ps. The rotational time constant of SeCN − is determined to be 4.5Ϯ 0.6 ps ͑data, see Fig. 5͒ .
Coupling strength between OD and CN
The vibrational energy transfer from the OD stretch 0-1 transition to the CN 0-1 transition is largely determined by the coupling between the initial state and the final state ␤ OD−CN = ͗1 OD 0 CN ͉V͉0 OD 1 CN ͘ = ͗1 OD ͉V͉1 CN ͘. This coupling can be experimentally determined assuming transition dipole coupling mechanism, based on 2D IR measurements and an excitation exchange model. 46 According to the model, 26, 46, 47 the coupling is correlated with the anharmonicities of the OD stretch ⌬ OD = OD1-2 − OD0-1 =85 cm −1 , the CN stretch ⌬ CN = CN1-2 − CN0-1 =33 cm −1 , and the OD/CN combination 
The derivation of Eq. ͑2͒ is provided in the supporting materials. All parameters in Eq. from FTIR measurement in Fig. 1͑a͒ . The peak width along the pump axis is a little bigger than this value in Fig. 1͑b͒ because of the bandwidth of the pump pulse. The CN band is inhomogeneously broadened, as we can see from the elongated line shapes of peaks in Figs. 1͑b͒ and 3͑b͒ and spectra at early waiting times in Fig. 6 . The homogeneous linewidth of CN is only ϳ15 cm −1 from the early waiting time ͑e.g., 0 ps͒ 2D IR spectra in Fig. 6 .
B. Dynamic information
In the D 2 O / SeCN − mixture, several fast dynamics are coupled and affect the 2D IR signal: the spectral diffusion, the exchange between ion-bound and unbound water molecules, the vibrational energy exchange between the asymmetric and symmetric stretches of D 2 O, heating from the vibrational relaxation, rotational relaxation of molecules, and the energy exchange between the OD stretch and the CN stretch of the two molecules. To quantitatively analyze the mode specific vibrational energy transfer dynamics between OD and CN, the effects and kinetics of other dynamic processes listed above must be known beforehand. 
Rotational dynamics and self vibrational exchanges
The rotational dynamics of the ion-bound OD can not be obtained directly from the anisotropy measurements in the D 2 O / KSeCN mixture, because the resonant or quasiresonant vibrational energy transfers among ODs can facilitate anisotropy decay. 48 Separating OD from each other with H 2 O can remove the effect of energy transfers and recover the rotational dynamics. 50, 51 The ultrafast inertial rotational decay component is frequency dependent. The slow rotational decay time constant ͑Ͼ1 ps͒ is independent of the inertial decay amplitude. 50, 51 The second is the nature of the narrowpump/broad-probe scheme of our experiments, a significant portion of the inertial signal from time zero is from delays of 200-300 fs. The two possible reasons ͑especially the ultrafast inertial decay͒ can make the structure determined by Eq. ͑1͒ have a very big uncertainty range. Another possible reason for the small inertial anisotropy values, overpumping, is ruled out by the power dependent measurements. Data are in the supporting materials.
The molecular rotations make the 2D IR signal smaller, which can add complexity in analyzing the OD/CN vibrational energy transfer. 35 Experimentally, we can manage to obtain rotation free data ͑P life = P ʈ +2ϫ P Ќ ͒ so that rotation is not an issue in our energy transfer kinetics analysis anymore. The resonance energy transfer ͑if any͒ among SeCN − ions does not affect the 2D IR signal, since the transfer is short range ͑nanometer͒ while the signal spot size is much bigger ͑ϳ200 m͒. It can be omitted in the OD/CN vibrational exchange analysis. The energy transfers among ODs do affect the 2D IR signal. It will reduce the population of the ion-bound OD excitation, because all OD stretches span ϳ200 cm −1 broad while the bandwidth of the excited ionbonded OD is only ϳ15 cm −1 . The effect can be simply treated as an apparent vibrational decay of OD in analyzing the OD/CN energy transfer kinetics, because 1.7 ps is much faster than the transfer from OD to CN ͑20 ps, in the kinetics analysis part͒.
Spectral diffusion and OD chemical exchange
The spectral diffusion characterizes frequency fluctuations caused by molecular motions of the solvent. Because of the spectral diffusion, the line shape of a diagonal peak in a 2D IR spectrum evolves from elongated along the diagonal to round ͑or the slope is from 45°to 0°͒ with time.
52-54 Such a peak shape evolution can be utilized to obtain the spectral diffusion time. D 2 O. At very short times, e.g., 0 ps, all red diagonal peaks elongate along the diagonal ͑the slope is ϳ45°͒. The peak shapes then evolve to be round or square ͑the slope is ϳ0°͒. At a glance, it takes about 5 ps for the peak shape changes ͑spectral diffusion͒ to be complete. The results indicate that within 5 ps, the solvent molecules have sampled most possible configurations. To quantitatively analyze the spectral diffusion time, we follow the dynamic linewidth approach. 52 The time dependent dynamic linewidth ͓in Fig. 8͑b͔͒ from Fig. 8͑a͒ shows that at 1.9 ps ͑turning point͒, the linewidth has already reached 95% of the long-time asymptotic linewidth of 146 cm −1 . In addition to spectral diffusion, some other time dependent features also appear in 2D IR spectra of the D 2 O / KSeCN 2.5/1 mixture, e.g., growth of cross peaks and peak frequency shifts. These features are caused by heats and vibrational energy and chemical exchange from the vibrational relaxations, elaborated in the following paragraphs.
In the D 2 O / KSeCN 2.5/1 mixture, not all the D 2 Os are bound to SeCN − ions. The bound and unbound D 2 O are under constant exchange. Recent echo 2D IR experiments on salt waters show that this type of water molecule exchange occurs within a few picoseconds. 49, 55 Similar dynamics was also observed in the water/KSeCN 2.5/1 mixture. In Fig. 8 , the growth of cross peaks ͑b͒ and ͑c͒ is from the chemical exchange between the SeCN − -bound and unbound water molecules. A simple investigation on the growth of the cross peaks in Fig. 8 clearly shows that the exchange occurs within a few picoseconds. An interesting observation about the system is that the ion-bound peak in FTIR is prominent ͓Fig. 3͑a͔͒, but it is almost invisible in the 2D IR spectra ͓peak ͑A͒ in Fig. 8͔ . This is caused by the small OD transition dipole moment ratio of ion-bound ODs over those unbound ones of the system, which is different from the other two OD/ion complexes. 49, 55 ͓One previous experiment repeated with our technique and actually got almost identical results as published ͑see supporting materials͒. 49 ͔ In our "hole-burning type" 2D IR experiments, the spectral width of either CN or OD is wider than the bandwidth of the pump beam. The spectral diffusion therefore reduces the population at the pump frequency. For a similar reason, the chemical exchange between the ion-bound and unbound OD can also reduce the ion-bound OD vibrational excitation population. These processes all occur within a few picoseconds. Therefore, we can consider them simply as some decaying factors of the apparent vibrational decay of the OD excitation in the kinetic analysis for the vibrational energy transfer between CN and OD.
Effects of vibrational relaxations and heat on 2D IR spectra
The vibrational relaxation of a high-frequency mode typically has two effects on a bulk sample: exciting lowfrequency modes and heating up the sample. The excitations of low-frequency modes can induce relaxation combinational band bleachings and absorptions. 19, 34, 35, 56 Heating from vibrational relaxations produces three results: heat induced transparency, absorption frequency shifts, and photoproducts, e.g., H-bond breaking. 35, 37, 57 In 2D IR spectra, all these effects from vibrational relaxations produce various bleaching ͑red͒ and absorption ͑blue͒ peaks and peak frequency shifts. These changes in the 2D IR spectra of the D 2 O / KSeCN 2.5/1 mixture will be manifested in the following paragraphs.
First, let us look at the OD diagonal block in Fig. 9 ͑Fig. 7͒. At very short times, e.g., 0 ps, the OD stretch 0-1 transition is a broad peak along the diagonal. Up to 2 ps, offdiagonal peaks grow in, resulting from the spectral diffusion, OD vibrational exchange, chemical exchange, and heat effect from OD relaxations. Up to 4 ps, a photoproduct absorption peak at probe frequency of 2685 cm −1 and two photoproduct bleaching peaks at probe frequencies of 2600 and 2500 cm −1 appear. This feature then lasts for more than 1 ns. The photoproduct peaks come from the H-bond breaking induced by the OD vibrational relaxation heat, following the explanation for OD in H 2 O: 57 after the OD is excited, its vibrational energy relaxes within 1-2 ps ͑data, see the kinetics analysis part͒. 58, 59 The vibrational energy finally converts into heat within a few picoseconds. Because of the heat, some strong H-bonds break and form some weakly bonded or even free bonded OD species. The H-bond breaking produces bleachings at the H-bonded OD symmetric stretch of ϳ2600 cm −1 ͑peak 11͒ and asymmetric stretch of ϳ2500 cm −1 ͑peak 12͒. The nascent ODs appear at a higher frequency of 2685 cm −1 for the asymmetric stretch and a possible frequency of ϳ2570 cm −1 for the symmetric stretch. The ODs are new species and therefore will absorb lights at these two frequencies and form blue absorption peaks at 2685 cm −1 ͑peak 10͒ and ϳ2570 cm −1 ͑peak 13͒ which overlap with the two bleaching red peaks. The photoproduct absorption peak 10 grows with a time constant of 2.8 ps after pumping the ionbound OD at 2635 cm −1 , see Fig. 10 ͑full pump-probe spectrum in supporting information͒. It is interesting to note that the photoproduct absorption peak in pure D 2 O also appears at 2685 cm −1 ͑data in SI͒. Similar photoproduct peaks are also observed on the CN-pump/OD-probe cross block ͑peaks 5, 6, 14, 15, and 16͒. At short times, e.g., 0 ps, the appearances of peaks 5 and 6 are due to the coupling between the CN and OD as described above. These two peaks then diminish with the vibrational decay time constant of CN, since they are purely from the excitation of CN, and the SeCN − ions are always bound to OD. At longer times, e.g., 20 or 30 ps, the photoproduct peaks 14, 15, and 16 grow in. These peaks are induced by In the dilute solution, it is a single exponential with a time constant of 37 ps ͑data in SI͒, consistent with a reported value of 38 ps. 60 Figure 11͑b͒ displays the growth of the photoproduct peak 14 and the rescaled decay of peak 2 with a flipped sign. Although peak 14 originates from the decay of peak 2, the growth and the decay of these two peaks are not identical. Only after the vibrational relaxation of CN is equilibrated into heat after 300 ps, the two processes have the same dynamics, which is similar to what we have observed for another system. 37 The appearances of these photoproduct peaks have a side effect on our experiments. Because of the severe frequency overlapping with these photoproduct peaks, the effect of the possible direct vibrational energy transfer from CN to OD ͑if any͒ can not be experimentally determined.
In the CN diagonal block ͑peaks 1 and 2 in Figs. 6 and 9͒, at long waiting times, e.g., 500 ps, the red peak in Fig. 6 shifts to a higher frequency of ϳ2082 cm −1 , and the 1-2 blue peak disappears. A new weak broad blue peak appears at ϳ2050 cm −1 . The disappearance of the 1-2 transition peak demonstrates that the vibrational excitation of CN has relaxed, which is consistent with the vibrational lifetime measurement. The red peak at ϳ2082 cm −1 is the induced transparency by heat from the CN vibrational relaxation, and the weak blue peak is from the heat induced absorption.
The heat effects from the vibrational relaxations on the CN and OD regions of the 2D IR spectra described above can be confirmed with temperature difference FTIR measurements. Figure 12 2000 2100 2200 2300 2400 2500 2600 2700 2100 2200 2300 2400 2500 2600 2700 2100 2200 2300 2400 2500 2600 2700 2100 2200 2300 2400 2500 2600 2700
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Intermolecular vibrational energy transfer J. Chem. Phys. 133, 034505 ͑2010͒ the room temperature ͑24°C͒ spectrum from higher temperature spectra. In Fig. 12͑a͒ , increasing temperature produces a strong bleaching at ϳ2082 cm −1 and a weak absorption at ϳ2050 cm −1 . In Fig. 12͑b͒ , increasing temperature produces two bleachings at ϳ2600 and 2500 cm −1 and one absorption at ϳ2685 cm −1 . These observations are consistent with what is demonstrated from 2D IR spectra. According to our experimental conditions, the temperature increase in the 2D IR measurement is estimated to be ϳ10°C.
Heat effects on peaks 7-9 are similar to what are on the CN peaks 1 and 2. The appearances of heat induced transparency and absorption appear earlier at peaks 7-9 ͑Fig. 13͒ than peaks 1 and 2 ͑Fig. 6͒, since heats on peaks 7-9 are from the OD vibrational relaxations, which are much faster than the CN decay. In addition to the heat effect, the direct vibrational energy transfer from OD to CN also produces cross peaks in the positions of peaks 7-9. It will be elaborated in next paragraphs.
Energy transfer from OD to CN
Three possible mechanisms can generate cross peaks ͑Fig. 13͒ in the positions of peaks 7 and 8, resulting from the OD-pump/CN-probe. The first one is the coupling between the OD and CN modes. The coupling produces the ground state bleaching peak 7 and the combination band absorption peak 8 even at time 0. Feynman diagrams ͑in SI͒ show that these two peaks must decay with the apparent ion-bound OD vibrational lifetime of 1.5 ps ͑data in the kinetics analysis part͒. The apparent vibrational lifetime is the result of vibrational decay, energy transfers, spectral diffusions, and chemical exchanges. If this was the only origin of peaks on the position, we should not see any peaks after 5 ps. In Fig. 13 , peaks are still clearly visible, demonstrating that there must be some other origins for the peaks. The second possible origin of the cross peaks is heating from the vibrational relaxation of OD. The heat induced peaks must grow at the same rate of heat generation whose time constant is 2.8 ps ͑from Fig. 10͒ . The appearances of these heat induced peaks must be similar to those in Fig. 6 at long times, e.g., 1000 ps. In other words, if coupling and heating are the only origins for the cross peaks in Fig. 13 , we should see peaks after 5 ps in Fig. 13 similar to the one at 1000 ps in Fig. 6 . The existence of peak at ͑2635 cm −1 , 2042 cm −1 ͒ up to 200 ps in Fig. 13 demonstrates that there must be a third origin for the peaks. The origin is the mode specific vibrational energy transfer from OD to CN. Feynman diagrams ͑in SI͒ show that peaks from this energy transfer origin grow at the energy transfer rate and decay with the CN vibrational lifetime. This is the reason that even at 200 ps, peak at ͑2635 cm −1 , 2042 cm −1 ͒ is still visible in Fig. 13 . From the above analysis, peaks on the positions of peaks 7 and 8 have three origins. These peaks are severely overlapped: peak 7 ͑2635 cm −1 , 2075 cm −1 ͒ and peak 8 ͑2635 (b) FIG. 11 . ͑a͒ The vibrational decay of peak 2 in Fig. 9 ; ͑b͒ the growth of the photoproduct peak 14 and the rescaled decay of peak 2 with a flipped sign. 
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Bian et al. J. Chem. Phys. 133, 034505 ͑2010͒ cm −1 ͒ and peak 9 ͑2635 cm −1 , 2042 cm −1 ͒ are from energy transfer. It seems very complicated to extract energy transfer kinetics from either peak 7 or 9 ͑peak 9 is much better since most of the peak intensity between 5-100 ps is from energy transfer͒ because of the spectral overlapping. In fact, it turns out to be very straightforward, because the coupling and heating peaks have experimentally well defined amplitudes and decay and rising time constants. For the coupling peak 8, its maximum amplitude is the amplitude of the blue peak 8 at time 0 in Fig. 13 , it then decays exponentially with the OD apparent vibrational lifetime of 1.5 ps. For the heating peak 18, it starts from 0, and then grows exponentially with the heat generation time constant of 2.8 ps to its maximum intensity which is measured at 1000 ps in Fig. 13 ͑ϳ7% of the heat generated much slower from CN which obtains energy from OD͒. From the parameters, the time dependent intensities of coupling and heating peaks at the probe frequency of 2042 cm −1 can be constructed. The time dependent intensity of peak 9 purely from the mode specific energy transfer can therefore be obtained by subtracting these constructed intensities from the measured apparent intensity at the probe frequency of 2042 cm −1 . Results are displayed in Fig. 14. The energy transfer peak grows to a maximum at 6.5 ps and then decays with a time constant of ϳ100 ps ͓Figs. 14͑b͒ and 14͑d͔͒. The maximum appearance time of 6.5 ps is not the energy transfer time constant t =1/ k OD→CN which will be obtained in the kinetics analysis part.
C. Kinetics analysis
To quantitatively analyze the energy transfer kinetics between OD and CN, we construct a kinetic model 37 based on the biexponential decay of the CN stretch. In the model, OD and CN can exchange vibrational energy, and they also decay with their own apparent vibrational lifetimes. Experimental data are rotation free. Therefore, the model does not contain any rotational component. The model can be illustrated in the following scheme:
where k a and k b are the vibrational lifetimes of OD and CN, respectively, and k ab and k ba are the energy exchange rate constants. Because the CN decay is biexponential, we separate the SeCN − into two subgroups. The weighing of each subgroup is determined by the prefactors of the biexponential. Each subgroup has a single-exponential-decay lifetime. Each can exchange energy with OD, but the subgroups can not exchange energy with each other ͑this follows the assumed physical picture of biexponential: the subcomponents can be considered as independent species͒. In the model, the effects of dynamics, chemical exchanges, spectral diffusions, vibrational decays, and vibrational exchanges within each species, are simply treated as apparent vibrational decays as experimentally measured. This treatment is based on two facts: ͑1͒ all the dynamics are much faster than the OD/CN energy transfer and ͑2͒ the energy up-pumping from CN to OD is so small that it is negligible, resulting in that all other dynamics of OD only affect the growth rate of the energy transfer peak 9, but not its decaying rate.
In calculating the OD/CN energy transfer rates based on the model, the time dependent OD and CN populations are provided by the normalized intensities of the ion-bound OD 0-1 peak 3, and OD to CN cross peak 9. The normalization of the OD to CN cross peak population is obtained by dividing the intensity of peak 9 by the transition dipole ratio square, CN12 2 / OD01 2 = 6.6. The ratio is obtained from the FTIR measurements ͓peak ratio in Eq. ͑3͔͒ and the 2D IR measurements ͓ratio of peak 2/peak 3 at time 0, Eq. ͑4͔͒, 2400  2600  2400  2600  2400  2600 2400  2600  2400  2600  2400  2600  2400  2600  2400  2600  2400  2600 2400  2600  2400  2600   2400  2600  2400  2600 2400  2600  2400  2600 2400  2600  2400  2600  2400  2600  2400  2600  2400  2600  2400  2600  2400  2600  2400 2600 2400 2600 2400 2600
pump (cm -1 ) where C i is the concentration and is the 0-1 or 1-2 transition dipole moment. The possible CN to OD transfer peak is totally overwhelmed by the heating effects ͑peaks 14-16͒. Therefore, this peak and the CN 1-2 transition peak 2 were not used to extract the energy up-pumping rate constant k ba . None of the four parameters, k a , k b , k ab , and k ba , is known beforehand. The vibrational lifetimes of the OD and CN can not be predetermined in their pure liquids, because different solvents can change the lifetimes substantially. If these four parameters are allowed to vary freely in calculations, then calculation results would be somehow arbitrary. Luckily, many constraints can be applied to limit the ranges of the parameters based on experimental results. First of all, the vibrational lifetimes of OD and CN in the mixture must be very close to their apparent lifetimes ͑the rotation-free decay time constants of peaks 2 and 3͒, because the vibrational energy involved in the mode specific vibrational exchange is only ϳ7% of the initial excitation energy. Therefore, in calculating the data, we allowed them to vary at most 20%. Estimated from the detailed balance k ba / k ab Ͻ e −⌬E/RT = e −560/200 =6%, k ba is at most 6% of k ab . With all these constraints, the calculations show that k ab = 23 ps with input parameters, Calculation results and experimental data are shown in Figs. 14͑c͒ and 14͑d͒ . In the calculation itself, the uncertainty of 1 / k ab is smaller than 1 ps. The uncertainty of 1 / k ab mainly comes from experiments: the ion-bound and unbound ODs are overlapped with each other at 2635 cm −1 . Whenever the peak at 2635 cm −1 is excited, a portion of the energy is absorbed by the unbound OD ͑Ͻ30%͒ which may not transfer its energy to CN. Counting for this factor, calculations show that the fastest OD to CN transfer time 1 / k ab is 17 ps. Therefore, the average OD to CN transfer time constant 1 / k ab =20Ϯ 3 ps.
D. Comparison between a medium H-bond and a strong H-bond
In a previous system studied, 37 the coupling strength between the energy donor and accepter is 18 cm −1 with an ͑a͒ Peak intensity and its three components: coupling intensity, heating intensity, and energy transfer intensity; ͑b͒ time dependent intensity purely from the OD to CN energy transfer. Experimental and calculation results of the OD to CN vibrational energy transfer kinetics analysis from peaks 3 ͑c͒ and 9 ͑d͒ in Fig. 9 .
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Bian et al. J. Chem. Phys. 133, 034505 ͑2010͒ energy mismatch of 97 cm −1 . The energy down-flow time constant is 330 ps. In the system studied here, the coupling strength is 200 cm −1 with an energy mismatch of 560 cm −1 . The energy transfer time constant is 20 ps. Comparison between these two systems shows a qualitative correlation: a stronger coupling produces a faster energy transfer. The big energy mismatch does not show a significant effect on the OD to CN energy transfer rate. However, when the donor and acceptor are almost on resonance ͑mismatch of Ͻ30 cm −1 ͒, the energy transfer time constants are fast, ϳ20-40 ps, even with a small coupling ͑probably Ͻ18 cm −1 ͒. 19, 35 These observations raise an interesting question: how are the energy transfer rate, coupling strength, and energy mismatch correlated? In the following, we use an approximate equation derived from the Landau-Teller formula [61] [62] [63] [64] [65] to address this issue. Within a fully quantum approach, 62 the energy transfer rate from vibrational state i to state j can be described from the Fermi's golden rule as
͑5͒
where ␥ ij =1/ 1 + exp͑−ប ij / kT͒ counts for the detailed balance. ij is the energy difference. ␦␤͑t͒ is a time dependent vibrational coupling between the two states as modulated by the bath. The expectation value can be replaced with a classical correlation function. 66 If we assume this correlation function to be a single exponential with a time constant c , and further assume that c is the spectral diffusion time ͑the assumption is reasonable to some extent, because the spectral diffusion time characterizes the evolution of solvent configurations and the fluctuation of vibrational coupling is largely caused by the molecular motions of the solvent͒, Eq. ͑5͒ can be rewritten as
If we further assume that the fluctuation of vibrational coupling ␦␤ is proportional to the average coupling strength ͗␤͘, Eq. ͑6͒ becomes
where y = ␦␤ / ͗␤͘. For simplicity, we assume y = 1. Now all parameters in the right part of Eq. ͑7͒ are experimentally accessible. Equation ͑7͒ has a similar form as what was used to calculate vibrational resonance energy transfer. 30, 31 For the KSeCN/ D 2 O system, T = 296 K, ͗␤͘ = 200 cm −1 , ij = 560 cm −1 , and c = 1.9 ps ͑time for 95% completion of the spectral diffusion͒. The energy transfer time constant from OD to CN is calculated to be 1 / k OD→CN = 16 ps. The value is very close to 20 ps, which is experimentally determined. However, for the previous CDCl 3 / C 6 H 5 SeCN system, T = 296 K, ͗␤͘ =18 cm −1 , ij =97 cm −1 , and c = 1.9 ps. The calculated time constant is 90 ps, which is far from the measured value of 330 ps. There are a few plausible explanations for the inconsistency between the two systems. On the experimental side, among the four input parameters, T and ij are precise. The determination of spectral diffusion times is straightforward. The systematic uncertainty of spectral diffusion time can be big ͑de-pending on its definition͒, but the relative uncertainty among systems is small. For example, the spectral diffusion times of both systems can be 3 ps ͑dependent on the definition͒, but it is not likely that one system is 1.9 ps while the other is 3 ps with the same analysis method. The three parameters in general can not induce such an inconsistency between the two systems.
Now the problem can be due to the coupling constant. The determination of the coupling constant requires many experimental parameters and one complicated model, which can cause a huge uncertainty of the coupling constant. Closely examining the parameters necessary for calculating the coupling constant for the CDCl 3 / C 6 H 5 SeCN system, we found that the combinational anharmonicity of CD/CN is very small, only 6 Ϯ 2 cm −1 , determined from two overlapped peaks. The value was obtained by simply subtracting peak positions which are actually shifted a little bit away from their original positions due to frequency overlap. 37 Counting for this small shift, ⌬ CD/CN =5Ϯ 2 cm −1 . However, the refined value does not give a much different rate constant from 90 ps.
One possibility counting for the inconsistency remains. That is the preciseness of the model for calculating the coupling strength. Equation ͑2͒ comes from a perturbative limit: eigenvalues instead of values of local modes are used to calculate the "coupling between two normal modes"
46 ͑also see SI͒. Such assumptions will inevitably introduce some uncertainty into the final result. The uncertainty is dependent on the coupling constant. In the CDCl 3 / C 6 H 5 SeCN system, the calculated coupling constant is less than 1% of the individual mode frequency ͑2155 and 2252 cm −1 ͒. Such a small value can have a huge uncertainty because of the assumptions. Direct diagonalization of the model Hamiltonian matrix ͑given in the SI͒ can solve this problem. It can provide precise coupling constants between the energy donor and acceptor modes in the local mode basis. With the constraints of refined experimental data, the diagonalization of the matrix gives ␤ OD/CN = 175.5Ϯ 0. With values from the direct diagonalization, we obtain 1 / k OD→CN = 21 ps and 1 / k CD→CN = 309 ps from Eq. ͑7͒. Although now the two calculated time constants are very close to experimental data, we urge caution that it does not mean that Eq. ͑7͒ can precisely reproduce experimental results. Instead, it at most qualitatively shows that Eq. ͑7͒ can produce consistent results for two different systems. The calculated time constants strongly depend on what c is in Eq. ͑7͒. Experimentally we do not have a precise way to define c . There are two main reasons for us to choose c = 1.9 ps: one is that it is the turning point of the dynamic linewidth curve in Fig. 8͑b͒ , the other one is that 1.9 ps is the dissociation time of a H-bond with a dissociation enthalpy of 0.3-0.4 kcal/mol, which is close to the solvent reorganization energy ͑activation energy for spectral diffusion͒. 40, 67, 68 On the theoretical side, the assumptions we make in order to obtain Eq. ͑7͒ can be problematic. It is not clear how the spectral diffusion time is correlated with the vibrational coupling correlation time, especially when the spectral diffusion time is slow ͑in viscous liquids or solids͒. It is not clear either how the fluctuation of coupling strength is correlated with the strength itself. The correlations can be system dependent. Nonetheless, the results show that some simple equation like Eq. ͑7͒ has the potential to give some reasonable estimation for vibrational energy transfer rates. 69 We believe that with more experimental data available in the future, the equation should be able to be refined to the quantitative level.
In practice, an analytical equation similar to Eq. ͑7͒ which can provide reasonable estimations about energy transfer rates based on some easily accessible parameters will be extremely useful, even if it is empirical and at a very crude level. It will save researchers lots of time and resources in experimental designs ͑from our own experience͒.
IV. CONCLUDING REMARKS
Mode specific vibrational energy transfer from the OD stretch first excited state of D 2 O to the first excited of CN stretch of SeCN − is observed in a D 2 O / SeCN − 2.5/1 liquid mixture at room temperature. The coupling between the OD and CN stretches is determined to be 176 cm −1 , based on an exciton exchange model. The energy transfer time constant is determined to be 20Ϯ 3 ps, despite the big energy mismatch of −560 cm −1 between the two modes. The energy transfer rate is substantially slower than the energy transfer between the ion-bound and unbound OD ͑Ͻ1.7 ps͒. With experimental determined parameters, an approximate analytical equation derived from the Landau-Teller formula qualitatively reproduces the energy transfer rates for two different systems.
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